Crowding effects are key to the self-organization of densely packed cellular assemblies, such as biofilms, solid tumors, and developing tissues. When cells grow and divide they push each other apart, remodeling the structure and extent of the populations range. It has recently been shown that crowding effects also couple the evolutionary fate of neighboring cells, thereby weakening the strength of natural selection. However, the impact of crowding on neutral processes remains unclear. Here, we quantify the genetic diversity of expanding microbial colonies and uncover signatures of crowding in the site frequency spectrum. By combining fluctuation tests, cell-based simulations, and lineage tracing in a novel microfluidic incubator, we find that the majority of mutations arise behind the expanding frontier, giving rise to clones that are mechanically "pushed out" of the growing region by the proliferating cells in front. These excluded-volume interactions result in a clone size distribution that solely depends on where the mutation first arose relative to the front and is characterized by a simple power-law for sizes below a critical threshold. Our model and simulations predict that the distribution only depends on a single parameter, the characteristic growth layer thickness, and hence allows estimation of the mutation rate in a variety of crowded cellular populations. Combined with previous studies on high-frequency mutations, our finding provides a unified picture of the genetic diversity in expanding populations over the whole frequency range and suggests a practical method to assess growth dynamics by sequencing populations across scales.
Introduction
Environmental factors often structure the spatial organization of growing cellular populations, such as microbial biofilms [1] , developing embryos and differentiating tissues [2] , as well as solid tumors [3, 4, 5, 6] . Advances in lineage tracing techniques are progressively revealing that in many of these cases growth is non-uniform across the population, as it strongly depends on the mechanical and biochemical cues experienced by each cell [7, 8, 9, 10, 11, 4, 12, 13, 14, 5] . Non-uniform growth can favor individuals based on their spatial locations rather than their fitness [15, 16, 17, 18, 6] and as such can dramatically impact the evolutionary fate of the population.
The interplay between evolution and growth has been extensively investigated in the context of range expansions, in which populations grow by invading surrounding virgin territory [19, 20, 21, 22, 23, 24, 25] . In cellular range expansions, growth is often limited to a thin layer of cells at the expanding front of the population (the growth layer ) due to processes like nutrient depletion, waste accumulation, mechanical pressure, or quorum sensing in the bulk [26, 27, 28, 29, 30, 31, 32] . Recent studies have revealed that this growth constraint generates an excess of high-frequency mutations in microbial colonies [33] and colorectal cancer xenografts [6] . Remarkably, the size distribution of these large clones is exclusively determined by the surface growth properties of the population through a phenomenon called allele surfing [19, 34] .
The distribution of low-frequency mutations, however, remains an open question. Assuming a mutation rate of 10 −3 mutation/genome/generation (typical of microbes) and a population size of 10 8 ∼ 10 9 cells, a total of 10 5 ∼ 10 6 mutations are generated during population growth. Yet, experimentally only approximately 0.001 % of these mutations have been captured by population sequencing in the case of bacterial colonies and tumors [33, 35, 36, 37] . This suggests that low-frequency mutations constitute the majority of genetic diversity in the population, but since their frequency is often below the detection limit of population sequencing, they go undetected. As a single mutant can be sufficient to drive drug resistance [15] , its quantification is imperative to better understand the emergence of resistant cells after drug treatment. While several groups have recently revealed the dynamics of small clones by multicolor lineage tracing in solid tumors [5, 6, 12] , a quantitative understanding of the dynamics of low-frequency mutations is still lacking. Here, we address this gap by investigating the dynamics of low-frequency mutations utilizing an expanding microbial colony as a model system.
To probe the low-frequency end of the mutational spectrum, we adapted the classic Luria-Delbrück fluctuation test, normally used to infer mutation rates in well-mixed populations [38] , to microbial colonies. We find that the vast majority of mutations occurring during growth are present at very low frequencies and characterized by a clone size distribution that decays faster than the one observed at high frequency [33] , with a crossover frequency determined by the width of the growth layer. Using cellbased computer simulations that explicitly mimic mechanical repulsive forces between proliferating cells in crowded colonies, we track the dynamics of individual clones. The simulations suggest that small clones stem from mutations that occur just behind the very front of the expanding edge. As the front expands, the cells proliferating at the very front continuously push back those behind, which are destined to eventually fall out of the growth layer and stop dividing. The resulting clone size distribution reflects the crowding dynamics within the growth layer. To test our analytical predictions in a cellular system, we designed a microfluidic device for continuous cell culture, which we name the population machine inspired by the so-called mother machine [39] . Combined with a newly engineered color-switching S. cerevisiae strain, based on technology previously used in studies [33, 40] , the population machine enables visual clonal lineage tracking in confined populations for up to ten generations. The population machine, which we considered to be a growth layer with a pinned front, is a model of growth layer dynamics in freely-expanding populations.
Results

Fluctuation test in bacterial colonies
To assess the clone size distributions of small clones (< 10 4 cells) in E. coli colonies grown from single cells to ≈ 10 9 cells, we adapted the Luria-Delbrück fluctuation test [38] , routinely used to determine spontaneous rates of resistant mutations in wellmixed populations [41, 42, 43, 44, 45] , to structured populations like colonies. Colonies were grown on rich non-selective media, scooped up completely after two days of growth, resuspended, and then plated on selective plates containing nalidixic acid (see Methods). After overnight growth, the selective plates were imaged and the number of resistant colony forming units (CFUs) were counted (Methods).
The resulting distribution exhibits a decay that resembles the classic Luria-Delbrück distribution typical of well-mixed populations (dashed blue line in Fig. 1 ), in contrast to the distribution of large mutant clones (more than 10 5 cells) previously observed in similar colonies of the same strain via population sequencing (dashed red line) [33] . Indeed, comparison in the clone size distribution pre-factors between colonies and well-mixed populations from sequencing data had previously hinted to the necessary presence of a different distribution regime at very low frequencies [33] . In the following, we investigate the physical origin of these low-frequency clones and characterize their statistics.
Mechanical simulations
The mechanical process underlying colony expansion has been recently found to have important evolutionary consequences for the strength of genetic drift [26] and natural selection [31, 32] . To gain an intuition into whether mechanical forces can generate the distribution of small clones we observe, we employed 2D mechanical simulations where individually-modeled cells proliferate and repel each other upon contact (see Methods) [31, 47] . We introduced an explicit growth layer of finite width λ within which cells grow exponentially at a constant rate (Fig 2a) . Beyond the growth layer, cells are considered to be in the bulk and stop growing. We represented proliferation via budding in order to make a connection to our microfluidic budding yeast experiments with budding yeast described later ( Fig. 3 ). In fact, clone size distributions are not sensitive to cell shape or the details of division type (Fig. S6 ).
The clone size distribution obtained from the simulations shows a transition between two regimes ( Fig. 2b ): very small clones (n λ, see Fig. S1 ) appear to follow n −1 , while larger clones follow a shallower power-law in quantitative agreement with the allele surfing prediction. We find that the shallower power-law consists of mutations that arose at the very front of the growth layer and surfed the edge for some time (red clone in Fig. 2a and red line in Fig. 2b ). By contrast, small clones stem from mutations that occur behind the front (blue clone in Fig. 2a and blue line in Fig. 2b ). These clones never surf on the expanding edge but grow while inside the growth layer until they are pushed out by the proliferating cells in front.
When looking at individual non-surfing clones, defined as those arising more than a cell diameter from the front, we find a reproducible relationship between the final clone size and the position where the corresponding mutation first arose ( Fig. 2c ).
Crowding model of non-surfing clones
To uncover the physical mechanisms underlying non-surfing clones, we developed a mathematical model that describes what we observe in the simulations. As in the simulations, we assumed that the growth rate is constant within a distance λ of the expanding front and zero otherwise. We analyzed clones in a reference frame that is co-moving with the expanding front, so that rather than accumulating at the edge of the colony, cells are washed out towards the colony bulk ( Fig. 2c inset) . A mutant of infinitesimal size δn 0 born at a distance ∆ from the front will grow until it is pushed out of the growth layer by excluded volume effects from the cells proliferating in front. This happens when the cells in front have grown to size λ to fill the growth layer. Because growth is constant within the growth layer, the mutant will grow by the same relative amount as the layers of cells in front, reaching a final size δn = λ ∆ δn 0 . By extending this infinitesimal relation to mutant clones with n 0 = 1 cell at the onset of mutation, we have the prediction (see SI Section 1 for finite-size analysis)
in agreement with the cell-based mechanical simulations ( Fig. 2b ). Equation 1 translates into a prediction for the clone size distribution when combined with the probability of observing a mutation at distance ∆. If we assume that the mutation rate is proportional to the growth rate, the probability that a mutation will occur at ∆ < λ is P (∆) = λ −1 . Then, the probability of observing a clone of size n is
corresponding to a cumulative clone size distribution of P (Clone size> n) = 1/n. This result is based on the assumption that the mutant clone size (n) is smaller than the growth layer depth (λ). We show in SI Section 1 that P (n) = n −2 holds very well up to n = λ, corresponding to mutants born exactly ∆ = 1 cell diameter behind the front. Additionally, in SI Section 2 we discuss that our argument also holds in the case of non-uniform growth rate inside the growth layer.
Clone tracking experiments in microfluidics
The mathematical argument presented above suggests that the only factor that matters to generate small clones in a spatially expanding population is the crowding dynamics in the growth layer. Therefore, to reproduce the predicted clone size distribution in an experiment, it should be sufficient to track the dynamics at the growth layer. To test this hypothesis in a cellular system, we designed an in vitro growth layer using a microfluidic chamber that allows to visually track growth and spatial dynamics of color-switching S. cerevisiae cells for 2-4 days (Fig. 3a, b and Methods). The design of the device was inspired by previous studies [48, 49, 50, 51, 39] . In the chamber, all cells grow at the same rate ( Fig. S4) and are continuously pushed out as the cells in front proliferate and fill the space, capturing the mechanical interactions between cells at the growing edge of a colony in its co-moving frame.
To investigate the dynamics of clones from a single mutational event, we conducted lineage tracking experiments with an engineered yeast strain that stochastically switches from one fluorescent color to another (Methods and Fig. S3 ). Since the switch can occur only at cell division, is heritable and does not measurably change the growth rate ( Fig. S5) , it should effectively behave like a neutral mutation, whose position and growth can be visually tracked with fluorescent microscopy. During the course of the experiment, we observed both surfing clones, which are born at the very front, as well as non-surfing clones, which are born behind the front (Fig. 3b ). Although the occurrence of surfing events is rare, they generate very large clones (10 2 − 10 3 cells each) by staying at the front for a while, showing qualitatively different dynamics from the non-surfing clones, in agreement with our simulations (Fig. 2b ).
Using clone area as a proxy for size, we obtained the clone size distribution by tracking non-surfing clones for 19-50 hours. The resulting distribution exhibits a powerlaw decay in agreement with our simulations and theory (Fig. 3c) . The relationship between position at birth and final clone size, reported in Fig. 3d , is also consistent with the theoretical prediction for uniform growth within the growth layer. This experiment shows the robustness of our prediction in spite of the complexity of a real cellular population such as cell death, aging of mothers, or feedback of mechanical pressures on growth rate.
Reconstruction of clone size distribution from subsamples
By characterizing the behavior of the low-frequency mutations, the complete picture of the clone size distribution in crowded expanding populations can now be assessed over the whole frequency range. The full distribution (black line in Fig. 4 ) exhibits three distinct regimes: non-surfing clones at low frequencies, surfing bubbles at intermediate frequencies and surfing sectors at high frequencies (grey shades in Fig. 4 ). Using population sequencing, one can capture the complete distribution only by sequencing unrealistically deeply (over 10 5 X coverage). With a typical coverage (10 or 100X), population sequencing is likely able to assess only the high frequency regimes [33] (red line in Fig. 4a) , and miss the non-surfing bubble behavior that accounts for most of the genetic diversity. However, other sampling strategies can be chosen to take advantage of the spatial proximity of cells that are closely related, practice that is becoming increasingly frequent in cancer research [52, 53, 54, 55, 36, 37, 56] . We find that sampling all the cells in a small contiguous region of the colony is capable of detecting non-surfing clones and the transition between non-surfing and surfing clones (magenta and cyan line in Fig. 4a ). The data from these contiguous regions can be appropriately rescaled (Fig. 4b , see Methods for rescaling details) in order to recover the complete behavior of the clone size distribution. The local spatial distribution of mutations can therefore be used to identify non-homogeneous growth in the population by sequencing well-chosen sub-samples.
Discussion
A single resistant cell can suffice to seed an entirely resistant new population in the wake of an antibiotic attack. To predict the chances of success of a drug therapy, it is therefore crucial to assess not just the high frequency mutations carried by a large part of the population, but also the rare ones present in few individuals. In well-mixed populations, the probability distribution of a mutation carried by at least a frequency x is 1/x across the frequency range. Allele surfing, a hallmark of spatial growth, has been shown to give rise to a different probability distribution characterized by an excess of mutational jackpot events [33] . Here, we have shown that, while this simple model can explain the behavior of large clones, it fails to describe the majority of mutations which reach much lower frequencies.
Crowded growth in dense populations leads to clones whose final size is determined not by when, but rather by where the corresponding mutation first arose relative to the expanding front. Large surfing clones, which are well-described by the surface growth properties of the population, must arise at the very front of the expanding edge [57] . Most mutations, however, occur just behind the front, within the growth layer. The final clone size for mutations occurring behind the front is dictated by the mutant cells starting positions, as they are pushed out of the growth layer by the proliferating cells in front due of volume-exclusion effects. This process leads to a reproducible relationship between final clone size and initial position of the first mutant cell, which generates a clone size distribution different from that of surfing clones.
Because clone size is only determined by the relative position to the front, our argument to derive the full distribution is not limited to two-dimensional colonies expanding at the outer edge, but can be applied to a wider class of populations. Interestingly, further theoretical analysis reveals that the results hold in any system where (i) growth rate varies only along the direction of expansion, (ii) a reference frame can be defined in which the growth profile is constant over time, and (iii) the mutation rate per generation is proportional to the net growth rate (see SI). Under these conditions, the clone size distribution describing small clones decays like x −1 up to a critical size that depends only on the growth layer depth but is independent of the number of dimensions (circular colonies vs. solid tumors, see SI), origin of growth (outer vs. inner growth, see SI) or mode of proliferation (budding vs. symmetric division, see SI), showing the robustness of the distribution. These theoretical predictions can be potentially tested with our microfluidic model system, utilizing a tunable switching rate and spatial gradient of nutrients (Fig. S3, S4 ).
If mutation rate and net growth rate are not proportional, as for instance might be the case in the presence of a non-homogeneous death rate, we find that while the relationship between position at birth and final clone size holds, the clone size distribution deviates from the x −1 decay in a way that depends on the ratio between the net growth rate and the mutation rate (see SI for examples).
As the population expands, the majority of mutations are left behind in the bulk, forming a reservoir of genetic diversity in the population. In a typical microbial colony with a growth layer of approximately 100 cells, these mutations would account for more than 99 % of the genetic diversity. Analogously, in a solid tumor, they would be responsible for the vast majority of the intra-tumor heterogeneity, while being largely undetectable by population sequencing. As this class of mutations is the most abundant, it is likely to harbor those rare mutations that can confer resistance. Upon environmental changes that kill the surrounding wild-type, these mutants can be spatially released and thus rescue the population from extinction [33, 58] . It is therefore crucial to develop methodologies that enable their detection.
In well-mixed populations, the detection power is limited by the sequencing coverage one can afford. Still, because the clone size distribution is characterized by a single process across the full range of frequencies, it is possible to estimate mutation rates and selection effects using a reasonable depth of sequencing. Here we have shown that this procedure cannot be applied to crowded populations growing in space, since the shape of the clone size distribution is controlled by very different processes at low and high frequencies.
A way around this problem consists in exploiting the spatial arrangement of the population. Neighboring cells are likely to be more closely related than cells farther apart, therefore concentrating sampling power to one location in the population would allow to reach deeper into the low-frequency regime and measure important population genetic parameters like the mutation rate.
In the context of cancer, where there are active debates on how to distinguish selection from neutral evolution [59, 60] , our findings highlight the additional challenge of distinguishing selection effects from non-uniform growth that is exclusively driven by spatial constraints. Here we offer a strategy to identify the specific signatures that crowded growth leaves in the clone size distribution of a population by employing different sampling protocols. These results can help better characterize the growth dynamics of the tumor, which should be used to choose an appropriate null model to identify signatures of selection.
Methods
Fluctuation test in E. coli
The mutator strain mutT of the bacterium E. coli was used for the fluctuation test experiment on nalidixic acid. The spontaneous mutation rate in this strain was estimated to be approximately 2·10 −7 per generation. Colonies starting from single cells were grown on plates with LB and 2 % agar at 37 • C for 30 hours up to a population size between 10 8 and 5 · 10 8 cells. Each of the 234 colonies was completely scooped from the plate with a pipette tip and resuspended in PBS. A 100X dilution of the resuspension was stored in the fridge for further analysis, while the rest was plated on selective plates containing LB, 2 % agar and 30 µg/mL of nalidixic acid for CFU count. The selective plates were incubated overnight at 37 • C and imaged the following day. CFU count was determined semi-manually with a built-in ImageJ function (see below). If selective plates exhibited more than 400 CFUs, the set-aside 100X dilution was itself plated on nalidixic acid, incubated overnight, and imaged the following day to better estimate the size of large mutations. In the control experiment under well-mixed condition, populations were started from about 50 cells in 200 µL of LB and incubated on a table-top shaker overnight up to saturation. The final population size was estimated to be between 10 8 and 10 9 . Each of the 178 well-mixed populations was treated similarly as described above.
Colony counting on plates
Images of colonies on plates were thresholded and binarized using ImageJ. Thresholding was done manually for each image to minimize the effect of noise, such as dust particles, smudges, or glares. Colonies near the rim of the plates were excluded to avoid an edge effect. Colony counting was done automatically with the Analyze particles function of ImageJ. The final clone size of the well-mixed populations control was rescaled by 10 to take into account the different final population size and to better visualize the comparison with the data from colonies.
Mechanical simulations
Cells are modeled as 2D rigidly-attached disks that proliferate via budding. Upon division, cells divide in polarly, with newly-formed buds retaining the orientation of their mothers. Cells interact with each other upon contact via purely repulsive elastic forces and move via overdamped Stokesian dynamics [31] . To mimic diffusion of nutrients into the population from the exterior, we allow only cells within a distance λ from the front to actively grow while the rest of the population remains in stationary phase. In order to simulate a flat geometry, we impose periodic boundary conditions in the horizontal direction so that the populations expands outward only in the vertical direction. To calculate the frequency of neutral mutations, we periodically label 40, 000 newly-born cells and track their descendants.
Fabrication of microfluidics
The microfluidics was fabricated by soft lithography [61] . The master mold was made by spin-coating (CEE 100 spin coater, Brewer Science) a 10µm-thick layer of negative photoresist (SU8-2010, MicroChem) on a silicon wafer (WaferNet). The photoresist was patterned by photolithography on a mask aligner (Hybralign 200, OAI) through a chrome photomask (Compugraphics). The thickness of the pattern was measured by a stylus meter (Dektak3030, Bruker). Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) was mixed with the crosslinker in 10-to-1 ratio and poured on the mold. After being cured at 60 • C overnight, the PDMS was peeled off from the mold and punched holes in for inlets and outlets. The chip was bonded to a glass coverslip after O 2 plasma treatment by a reactive ion etcher (Plasma Equipment Technical Services). Prior to cell culture, 0.1 % bovine serum albumin (Sigma-Aldrich) was loaded into the device to reduce the interaction between cells and the substrate.
Yeast Strain
The microfluidics experiments were conducted with the S. cerevisiae strain yJK10, derived from strain yDM117 (courtesy of Jasper Rine, University of California, Berkeley). yJK10 employs a Cre-loxP recombination system to switch stochastically from a red (yEmRFP) to a green (yEGFP) fluorescent state, as previously published [33, 40] . Using an estradiol-inducible Cre construct allowed us to optimize the average switching rate for our experiments [62] . For all experiments we used a concentration of 1.6 nM β-estradiol corresponding to a switching rate of 7.1 ± 4.8 × 10 −4 per cell per generation (estimated from the number of observed switching during the microfluidics experiments). In principle, the relative fitness between switched and unswitched cells can be set via the differing cycloheximide susceptibility of both states. However, while we did not perform any variation of relative fitness in this study, we chose to use yJK10 to maximize comparability of our results to ongoing and future investigations involving this strain. Under our experimental condition, the relative fitness between the two states (s = 0.022 ± 0.040) is sufficiently small to be neglected (Fig. S5 ). See the SI for the effect of non-zero s on the power-law exponent of the distribution of clone size.
Clone tracking in microfluidics
The microfluidic growth chamber was designed as a population version of the mother machine [39] . A suspension of yJK10 cells in an exponential phase was injected into the device with YPD culture medium. After overnight culture, cells grew and filled up the growth chamber. At this point, 1.6 nM β-estradiol was added to the culture medium to induce color switching (the switching rate was about 10 −3 per cell division). Subsequent growth was imaged using time-lapse microscopy on an inverted microscope (IX81, Olympus) with a 10X objective every 10 minutes for 2-4 days. The taken GFP images (color of switched cells) were binarized by Otsus method [63] , and the dynamics of the clones were manually tracked on Matlab (Mathworks) and ImageJ (NIH). Throughout the experiment, the temperature was controlled at 30 • C by a microscope incubator (H201-T, Okolab), and the flow rate of the medium was regulated by syringe pumps (neMESYS, CETONI) at 15 µL/h. The growth rate of cells was uniform across the chamber under our experimental condition ( Fig. S4 ) [64] .
